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CHAPTER 1

OPTICAL SYSTEM

In this chapter, the optical system and all information relating

to it which may be useful for future modifications on the system are

discussed in detail.

System Requirements

The basic system requirements are as follows:

Aperture

The system is to have a clear aperture of 78 in. diameter.

Speed

The speed of the system is f/10, giving an effective focal length

of 780.0 in.

Field of View

The usable field of view is 2 arc-min full field. This is about 50 Airy

disk diameters at a wavelength of 10.6 vm.

Telecentricity

In order to simulate the far field signal as closely as possible

the system is designed to be telecentric in image space.

Bistatic Anple

The bistatic angle is the angle subtended between the laser output

wavefront and the zero order scattered return wavefront. This angle is

d 1
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to be no greater than 5 mrad.

Physical Dimensions

The system and target are to fit into a volume of 20 ft x 40 ft x

80 ft.

Scatter Properties

The total scatter cross section is to be less than 0.001 Um.

Performance

The system is to be diffraction limited at a wavelength of 2.0im.

Miscellaneous Requirements

As an outgrowth of the above requirements, several secondary proper-

ties became desirable. Among them:

Spherical Primary Mirror

A spherical primary mirror was chosen for ease of fabrication, and the

increased probability of producing a smooth, low scatter surface. Such

a mirror also allowed the transmitting and receiving systems to be separated.

Separated Transmitting and Receiving Systems

Scattered light analysis indicated that only one surface, the primary

mirror, would be common to both transmitting and receiving systems.

Optical Design

General Description

The heart of the optical system is a three-mirror, 78-in.-aperture,

f/10 telescope. A point source is collimated to a diameter of 78 in. The

target is illuminated, and the return plane wave spectrum returns through

$
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the system and is focused back on the image plance (see Fig. 1.1).

The three concave mirrors are sections of rotationally symmetric

surfaces. The primary is spherical whereas the secondary and tertiary

mirrors are aspherical, being hyperboloids deformed by higher order

surface polynomial terms. Through the use of two aspherics, both spheri-

cal aberration and coma can be corrected. This was necessary in order

to meet the image quality requirements across the desired field of view.

Individual Mirrors--Surface Descriptions

The optical description of the three individual mirrors and their

spacing is summarized in Tables 1.1 and 1.2. All mirrors were made out

of the low expansion material, Cer-vit. Note that aspheric deformation

coefficients are not invariant with respect to the local coordinate system.

The signs of the aspheric coefficients and radius of curvature are both

needed to determine the exact surface shape. For example, the radius

of a surface (such as a concave mirror) can have either a plus or a minus

sign associated with it. If it is plus, the surface is concave to the

right and vice versa. In either case, the sign of the conic constant

will be the same. A parabola, for instance, has a conic constant of 1.0

regardless of the sign of the surface radius. However, the aspheric

deformation coefficients, (of the form z = ADy 4 + AEy 6 + ... ), always move

a surface to the right for AD, AE, ... etc. positive and vice versa. Thus,

a concave surface with a positive radius of curvature (concave to the

right) will be flattened by a negative AD term. A concave surface with a

negative radius of curvature however, will be flattened by a positive AD

term. (See ACCOS V, User's Manual in Appendix A.) The aspheric

$
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Table 1.2. Spacing Parameters. All distances are
measured along the parent optical axis.

Spacing

From To Distance (in.)

Target Plane Primary 684.0

Primary Secondary 538.270

Primary Pickoff Flat 481.925

Secondary Pupil Image 49.25

Secondary Tertiary 130.462

Tertiary Focus 83.085

.

*i
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departure from a sphere of the secondary and tertiary are plotted in
1

Figs. 1.2a, b respectively. For mechanical description of the mirrors,

refer to OSC Drawing #E-2036.

*Separation of Transmitting and Receiving Systems

As previously mentioned, only the primary mirror is common to both

transmitting and receiving systems. This was done to reduce the total

system surface backscatter. It was implemented by using the fact that a

spherical mirror has no optical axis. Figure 1.3 is a schematic of the

principle. We have two identical black box optical systems labeled

transmitter and receiver optics. They are made to pivot about a point

coincident with the center of curvature of the sphere. As a result,

the images formed and the optics themselves, lie in different spaces.

The imagery of the two systems, however, is identical. The only difference

is that each system uses different portions of the sphere. The common

union of these areas is the usable area (aperture) of the system. In our

case, this area is 78 inches in diameter. Note that all focal points,

final and intermediate, are separated in space. This allows for the

insertion of a small flat near the focus of the primary as shown.

This flat will fold one of the arms of the system causing a better

physical separation of the transmitting and receiving optics. It will

therefore facilitate the mechanical mounting of the components.

i)
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Imagery Near the Primary Mirror Prime Focus

* The primary mirror generates a tremendous amount of aberration

(about 1100 waves at A = 2.0 pm) because it is a sphere and is used off

axis. As a result, a large blur occurs instead of a sharp image at the

mirror's prime focus. Figure 1.4 shows spot diagrams of the geometric

blur at various focal positions near prime focus. The images shown are

approximately full size. This image blur is advantageous for two rea-

sons: First, because the image never focuses very well, air breakdown

resulting from high energy densities of a 100 IV laser will not be a

problem. Second, since astigmatism is present in the images, there

are positions (see Fig. 1.4d,h) where the images become narrow. These

locations are especially suitable for picking off the beam. In this

way the bistatic angle can be reduced further.

Of the two possible positions, the plane at Z = 7.0 in. was chosen.

A pickoff mirror carefully inserted here can reduce the bistatic angle to

only 1 mrad.

Pupil Mapping

Although the final image of the entrance pupil is located at infinity

due to the telecentricity of the system, there is a real intermediate

image of the pupil formed between the secondary and tertiary mirrors.

(See drawing OSC MICOM F-0004). In an attempt to further reduce stray

light effects, baffles may be placed in the pupil planes. Unfortunately,

the wavefront in this region is not perfect and in fact is so aberrated that

significant distortions of the entrance pupil occur. In order to insure

that the baffles are correctly compensating for the distortion of the beam,

I



- K17

0

C 0 

0
-0 

*C. 0

k~hk

9..H

.- 4 I
-4 u



12

the following graphic technique can be used.

* Figure 1.5 shows spot diagrams for the pupil plane, which is aberrated,

and the tertiary plane, which is aberration free. A third diagram with

these two planes superimposed on each other easily brings out the aberration

of the pupil plane. When it is desired to make a mask, the initial shape

should first be drawn out on the tertiary plane spot diagram, which is a

rectangular grid of points. The diagram can then be transferred to the

pupil plane grid, point for point. The resulting shape is the desired

shape of the baffle, with the correct distortion taken into account.

There are two other ways of designing a baffle mask. First, since

the distortion does not exceed 10%, all masks could be made 10% oversize.

Another way is to place a piece of Mylar in the pupil plane. The target

is then flooded with white light. A real image of the target will be seen

on the Mylar. The shape of the target can be traced out on the Mylar.

The pattern can then be transferred to, and cut out of, a suitable masking

material.

Theoretical Performance

The theoretical performance of the system will now be discussed. The

performance will be analyzed in terms of the point spread function (PSF)

(Fig. 1.6) for the receiving system and the plane wavefront for the trans-

mitting system (Fig. 1.7).

On-Axis Performance

At X = 2.0 Pm the theoretical Airy disk diameter is 0.002 in. The

theoretical geometric blur diameter of the optical system on axis, is

.
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0.0003 in.--nearly an order of magnitude better than the Airy disk

* diameter. The corresponding peak-to-peak wavefront error is 0.085 waves.

Full Field

The geometric blur diameter at the full 1 arc-min field is about

0.001 in. The peak-to-peak wavefront error is 0.18 X (see Fig. 1.6).

Transmitter Output Performance

The performance of the transmitter and receiver arms is identical.

However, it is more useful to look at wavefront phase errors in the entrance

pupil plane for the transmitter since its function is to produce a collimated

bean. Figure 1.7 depiv ts the pupil phase errors for various parts of

the field. Because of the bilateral symmetry of the system, only half of

the pupil phase was calculated.

Tolerances

Requirements and Error Budget

The overall performance requirement is that the system be diffraction

limited at X = 2.0 pm. This implies a peak-to-peak wavefront error no greater

than 0.5 pm and an rms wavefront error no greater than 0.12 11m. Keeping this

total goal in mind, tolerances must be assigned in basically two categories:

fabrication and alignment. Earlicr studies showed that the alignment

tolerances were relatively loose. It was also knowm that the mirrors would

be difficult to fabricate. On the basis of these arguments, it was

decided to give the bulk of the overall tolerance to the mirror fabrication.
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Misalignment Sensitivities

Small misalignments of the optical system have two noticeable effects:

boresight error and coma are introduced into the system. Table 1.3 lists

the sensitivities of the image and wavefront errors to misalignment (tilts

and decenters).

Because of the off-axis nature of the optical elements and their

arrangement in space, it turns out that the most sensitive errors occur

in the horizontal plane. Therefore the sensitivities will be somewhat less

in the vertical plane.

Boresight error is measured in terms of angular deviation of the

beam as a function of surface tilt (prad/lirad) for tilts and angular devia-

tion as a function of surface decenter (prad/milli-inch) for decenters.

Wavefront errors are measured in terms of waves/prad (A/prad) for tilt

and waves/milli-inch (A/mil) for decenter. The wavefront error measured

is the peak-to-peak best focused error at A = 2.0 pm. The wavefront sen-

sitivities scale inversely with wavelength.

It can be seen from Table 1.3 that misalignments of several arc-sec

or several thousandths of an inch have little effect.

C
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* Table 1.3. M~isalignmecnt Sensitivities of Optical System Elements

B ()rad/llrad) B (irad/mil)
Tilt Decenter

Mirror C (X/prad) C ()X/Mi1)

PiayB 2.0 B 2.0

C -- C 0.038

B 0.4 B 4.0
Secondary

C 0.009 C 0.004

B 0.4 B 3.2
Tertiary

C 0.00025 C -0.035

B = boresight error
C = best-focused comatic wavefront error



CHAPTER 2

SYSTEM PERFORMANCE

The system quality will now be discussed in detail. The information

presented below will help in making decisions concerning which are the

best areas of the wavefront. Also, it will be useful in the future

if it is decided to rework any of the optical components.

In this chapter, the quality of the individual optical components

(primary, secondary, and tertiary) will be discussed in detail. Tle

results of the parent system test (that is, tests done on the system prior

to coring of the off-axis sections) and final system test are presented,

compared, and shown to be in good agreement.

Individual Component Tests

Primary Mirror

Inteiferogram. An interferogram of the 82 in. mirror was reduced on

19 February 1976. A copy of the final computer results is listed in

Appendix B. A summary of the overall surface quality is listed in Table 2.1.

Table 2.1. Summary of Primary Surface Quality vs Wavelength

X(pm) Peak to Peak RMS Surface

Wavefront Error () Error (A)

0.6328 0.39 0.195

1.016 0.24 0.12

3.32 0.08 0.04

10.6 0.02 0.01

21
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The conclusion reached was that at X = 3 pm or greater, the mirror

performance is essentially perfect. In addition, the surface appears to

be free of sleeks, bubbles, etc.

Secondary Mirror

Wire Tests. The final wire tests of the parent secondary mirror were

performed on 15 to 16 August 1977. These were made a few days before the

cutting operation was to take place. Three separate sets of data were

taken and averaged. The final mirror profile as determined by these

tests is shown in Fig. 2.1. The region of interest is between the 11 cm

and 38 cm zones since this is the region from which the final sections

will be cored.

The results indicate that between the 11 cm and 30 cm zones, the

mirror surface is good, being within 0.25 pm peak to peak (5X/8 peak to

peak @ X = 2.0 pm) surface error. Between the 35 to 38 cm zones the peak-

to-peak error is 1.75 pm. The effects of this zone error will be discussed

in the section on the final system test.

Interferogram. There is no final interferogram of the secondary mirror.

The secondary mirror was polished and tested using the null lens and

interferometer until 6 April 1976. From approximately April to August 1976,

the secondary mirror was polished using knife edge data obtained from the

secondary used with the other mirrors -- the so-called parent system

test. Scheduling did not permit final testing of this mirror with the

null lens and interferometer after reworking.

The last interferogram taken of this surface was on 6 April 1976 (see

Fig 2.2). Note that this does not represent the final surface figure.
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Fig. 2.2. Secondary Mirror. This represents the surface
prior to polishing using the Parent system
test.
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Tertiary Mirror

Wire Tests. The final test of the tertiary mirror was performed on

10 May 1977. The final mirror profile as determined by these tests

is shown in Fig. 2.3. The region of interest is between the 11 cm and

35 cm zones since this is the region from which the final sections will

be cored.

The results indicate a generally smooth surface, 0.55 Pm peak-to-peak

surface error. This error is due to a single peak at the 27 cm zone.

Interferogram

A final interferogram using the null lens was taken on 9 February 1977

(see Fig. 2.4).

Parent System Test

Description of Test Arrangement

Figure 2.5 is a schematic layout of the parent-system test, a test

of all three mirrors before sections are cored out. A 72-in. f/2.7 parab-

ola with a 5 mW HeNe point source at its focus served as the collimator sys-

tem. A white light zirconium source was also used when appropriate. The

72-in. diameter beam was, of course, unable to fill the 82-in. diameter pri-

mary mirror. Referring to Figures 2.1 and 2.3, we see that there is little

reason for concern about the inner zones of the secondary and tertiary mirrors.

The outer zones, however (27 to 38 cm zones) show steep departures from the

nominal surface. Thus the collimator was positioned to fill the outer por-

tions of the optical system, giving "worst case" test arrangement.

A small folding flat is located near the prime focus of the sphere.

The beam is diverted to the secondary through a 900 fold. This fold was
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72" F/2.7 Collimating 82" Primary
Parabola

HENE Point
Source

This part of aperture

Source

Tertiary

Fig. 2.5. Schematic of the Parent System Test.
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necessary because without it the parent tertiary mirror would have obscured

the converging beam from the primary mirror. The beam then travels to the

tertiary mirror and another small folding flat.

The images of the source were then analyzed with knife edge and star

tests.

Test Results

Knife Edge Photos. Knife edge photos were taken of the parent system on

29 June 1977. These photos were taken at best focus with the knife edge

traveling horizontally; the knife edge itself was oriented in the vertical

direction. Figure 2.6 shows a sequence of photos of the parent system

wavefront as the knife edge cuts progressively further into the point

spread function. The readings shown (6x) are the knife edge travel (in

* inches) referenced to Fig. 2.6a.

Some general observations can be made: There are some sharp

narrow zones which are cut off early by the knife edge (Figs. 2.6a,b,c).

The wavefront begins cutting off most rapidly when Ax = 0.0183 in. (Fig.

2.6d). When Ax = 0.220 in. the cutoff is essentially complete. The total

cutoff is 0.0037 inches. This cutoff accounts for about 73% of the wavefront

area.

A more complete cutoff would be from Fig. 2.6c to Fig. 2.6g. Here the

total cutoff is 0.0072 in. The amount of area cutoff is about 90%.

* Transverse Knife Edge Test

Transverse knife edge tests of the parent system were performed on

4 to 5 August 1977. A total of three separate sets of data was taken and

averaged. The final resulting wavefront profile of the parent system is

shown in Fig. 2.7.
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U;c

(a) (b) (c)
Ax=O.O000 Ax=O.O099 tx=0.0148

(d) (e) (f)
Ax=0.0183 Ax=O.0190 Ax=O.0200

(g) (h) Mi
Ax=O.0210 Ax=O.0220 Ax=0.0230

Fig. 2.6. Parent System Test. Foucaultgrams of 29 June 1977. The knife edge
is cutting progressively farther into the beam. Ax is the hori-
zontal knife edge travel in inches relative to (a).
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The final peak-to-peak wavefront error is 1.14 pm.

From the slope data of the transverse test, the point spread func-

tion was calculated for the horizontal direction only. Figure 2.8 is a

plot of the total energy vs distance along the horizontal axis. From this

analysis we find 54% of the energy within 0.0035 in. and 84% within

0.0053 in.

100
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" 70-

~6o
50

L.Jz
50 -

SI I

1" 0 - in

H O I Iz

i 2 30 I

20 K E
0. 0035

IO 0.0053 in.

0 o.002 ,.oo4 i,006o08

HORIZONTAL IMAGE SPREAD (INCur|S)

Fig. 2.8. Hlorizontal Imalge Spread Based on
Out-of-Focus Knife Edge Test.
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Star Photos

Images of an artificial star were photographed. These are shown

in Fig. 2.9. The circle represents the desired spot size.

Fig. 2.9. Image of an Artificial Star.
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Final System Test

Description of Test Arrangement. Final tests of the completed optical

system were performed at the Optical Sciences Center between 15 September

and 6 October 1977.

The system was tested in a single pass mode. The collimator light

source and position relative to the 82 in. mirror were the same as described

for the parent system test.

The primary was aluminized, the secondary and tertiary were spray

silvered, and the folding flats had multilayer coatings for high reflect-

tivity at 10.6 vm and good reflectivity in the visible.

The secondary and tertiary mirrors were cored and mounted. Wherever

possible the system was aligned and set up following procedures to be

used at its final site.

Various tests were performed for both the upper (receiving) and lower

(transmitting) systems. These included the usual knife edge and star

tests. Interferometrywas not practical because of the single pass testing

mode. It should be noted that these tests are more reliable and re-

peatable than those described in, "Parent System Test." This is primarily

due to the refinements (in the mountings, their adjustments, and the

alignment procedure) not available intheparent system test.

Test Results -- Upper System

Transverse Knife Edge Test. Transverse knife edge tests were performed

on the optical system along two different axes. In one case the knife

travels horizontally with the knife edge oriented in the vertical position.
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Data are taken that give slope error information. These data are then

* integrated to give the wavefront profile along the system's horizontal

axis. In the other case, the knife travels vertically with the knife

edge oriented in the horizontal position. For this test configuration

3 no data were taken. The reason may be seen from the sequence of photos

in Figs. 2.10 and 2.11. Because the cored mirror sections are rather

far off axis, the zone arc sergments of the parent mirror zones appear

as almost vertical and parallel zones. As a result, the image blur is

almost solely along the x axis. Obtaining data along the y axis was

difficult, but the general statement can be made that the blur is much

better in the y direction than the x direction. This will be substan-

tiated later by total-cutoff and star-test data.

Figure 2.12 shows the final system wavefront profile. The peak-

to-peak wavefront error is 1.2 pm. The wavefront is within the Rayleigh

criterion (X/4 peak to peak to X = 2.0 pm) for the inner 72% of the aperture.

It should be noted that, in general, the numerical integration using

sample data tends to make the wavefront profile smoother than it actually

is. This system is no exception.

Foucault Test. As mentioned earlier, the wavefront profile as obtained from

the transverse knife edge test tends to make the surface appear smoother

than it probably is. These rough portions of the w:i'efront can be qualita-

tively identified by the Foucault test. In addition, with the knife edge

at the best focus image, observations of the wavefront darkening as a func-

tion of transverse knife edge cutoff into the point spread function can give

useful information about the general nature and size of the spot.

The Foucault test was performed with the knife edge positioned both
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(a) (b)
Ax=-O.0500 Ax=O.OOO

(c) (d) (e)
Ax=O.0020 Ax=O.0040 Ax=O.0060

(f) (g)
Ax=O.0080 LAx=O.012O

Fig. 2.10. Final System Test. Foucaultgrans through the Upper System (10/8/77).
* The knife edge is cutting progressively farther into the beam.

Ax is the horizontal knife edge travel in inches relative to (b).
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(a) (b)
Ay=0.000 Ay=0.002

* (c) (d)
Ay=0.004 Ay=O.0O06

(e)
Ay=O.008

Fig. 2.11. Final System Test. Foucaultgrams through the Upper System
(10/8/77). The knife edge is cutting progressively farther
into the beam. Ay is the vertical knife edge travel in inches
relative to (a).
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vertically and horizontally. Photographs of the wavefront were taken for

varying knife edge positions.

Figure 2.10 shows Foucaultgrams of the upper system as the knife

travels horizontally. Figure 2.11 shows Foucaultgrams as the knife

travels vertically. Total travel of the knife in inches is indicated on

the photographs.

We cannot determine qualitatively the image quality. Figure

2.10a shows the knife edge just beginning to block light from the outer

edge of the pupil. The narrow zones appear as fine shadowed arcs. By

comparison, the inner 70% of the aperture appears relatively smooth. In

Fig. 210b the knife edge has been moved 0.050 in. Now the outer edge of the

mirror is starting to darken rapidly. We use this position as our zero

position. Note from Fig. 210b that circular as well as arc-shaped zones

are visible. The circular zones are due to errors mostly on the primary

mirror while some are due to errors on the collimator mirror. The arc-

shaped zones are solely due to errors on the secondary and tertiary mirrors.

Figures 2.10c and 2.10d best represent the nature of the wavefront

profile shown in Fig. 2.12. The surface is generally smooth over the inne)

70% while showing narrow zones over the outer 30%. Between Figs. 2.10b

and 2.10c the knife edge has moved 0.006 in. Approximately 801 of the

energy, based on the area of the dark shadows relative to the aperture, falls

within the 0.006 in. cutoff.

The sequcnce of photos in Fig. 2.11 shows the shadow patterns when

the knife moves in the vertical direction. The zero position is shown

in Fig. 2.1lb. Note that circular zones are predominant. This is

because, as mentioned earlier, the arc-shaped zone errors blur

I



40

the image almost exclusively in the horizonatal plane. They do not affect

the vertical cutoff and hence are not visible in this sequence of photo--

graphs. Again, by looking at relative areas of shadow, we find that about

90% of the energy is within 0.004 in. or between Figs. 2.11b and 2.11d.

Star Test. In the star test a microscope is used to examine the image of

the point source. Figures 2.13a-c are photos of the star image. Because

of the large dynamic range of the image intensity, some compromise on

exposure had to be made. The exposure for Fig. 2.13a was chosen to bring

out as much detail around the central core as possible without saturating

the core itself. In order to get a definite image scale, a knife edge

was placed on the side of the core (Fig. 2.13b). The knife edge was then

moved 0.004 in. and the image was rephotographed (Fig. 2.13c).

Some general observations can be made regarding the quality of the

star image: There is a central core of energy, approximately 0.004 in. or

0.006 in. in diameter, and a "flare" or "tail" extending horizontally to

one side of the core. The tail is due to the zones along the outer edge

of the wavefront (example: Fig. 2.10d). It is on one side of the core

only because the bad zones are on one side of the wavefront only.

Test Results--Lower System

Foucault Test. For reasons discussed previously, yhotographs of the wave-

front were taken for varying knife edge positions. Figure 2.14 shows

Foucaultgrams of the lower system as the knife travels horizontally.

In Fig. 2.15 the knife travels vertically. Total travel of the knife, in

inches, is indicated on the photographs.
p

=S
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(a)

(b)

(C)

Fig. 2.13. Final System Test. Star Photos of the Upper System. (a)
best-focused point spread function of the upper system.
In order to determine the image scale, (b) and (c) have
a knife edge (seen as a straight shadow) in the plane of
the image. The knife edge travel between exposures (b)
and (c) was 0.004 in.

p -
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(a) (b)

Ax=-0.0500 Ax=0. 0000

(C) (d)
Ax0.0020 Ax=0. 0040

(e)(f
*Axa-0.0060 Ax=0. 0080

Fig. 2.14. Final System Test. Foucaultgrams through the Lower System
* (10/10/77). The knife edge is cutting progressively farther

into the beam. Ax is the horizontal knife edge travel in
inches relative to (b).



43

(a) (b)
Ay=-o.0500 Ay=0.000

(c) (d)
Ay=0.0020 Ay=0.0040

(e)
Ay=0.0060

Fig. 2.15. Final System Test. Foucaultgrams through the Lower System
(10/10/77). The knife edge is cutting progressively farther
into the beam. Ay is the vertical knife edge travel in
inches relative to (b).

S
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Star Test. A star test was performed on the lower system. Photos are

shown in Fig. 2.16.

Comparison of Test Results

A slight misalignment of the parent test introduces aberrations.

It will also map the zones on the secondary onto other than nominal posi-

tions on the tertiary. The zones in question have widths on the order

of 1 cm--the same distance over which the knife edge data are averaged.

Thus a slight misalignment can give different profiles. It is encouraging,

however, that the average peak-to-peak and rms values remain constant.
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(a)

I -
(b)

(c)

Fig. 2.16. Final System Test. Star Photos of the Lower System.
Best-focused point spread function of the upper
system. In order to determine the image scale, (b)
(c) have a knife edge (seen as a straight shadow) in
the plane of the image. The knife edge travel between
exposures (b) and (c) was 0.004 in.
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CHAPTER 3

ALIGNMENT PROCEDURE

The alignment procedure consists of the follc,ing steps:

1. Attach 82-in. iirrorvertex locating jig to t.-nnion. The center

of the jig's target should be about 51.24 in. frorn edge of 82-in. mirror

(see Fig. 3.1).

2. Locate center of curvature of 82-in. mirror. This is about 977.75 in.

from jig's target. To locate this point, put a nail, pin, etc. near this

point, place the eye 10 in. or more behind the pii., and look for the

return inverted image of the pin. Move the pin u-,, down, left, and right

until the tips of the pin and its real image touch. Now move your head

up, down, left, and right. If the image separates from the real pin, it

is because of a parallax error due to the pin not being at the proper

longitudinal position. Therefore, move the pin tc',ard or away from the

82-in. mirror until this conditioai is also corrected.

3. Using a suitable leveling device (optical leve:, theodolite, etc.),

tilt the primary mirror in the vertical plane and repeat step two;

keep doing this until the vertex jig target and ths center of curvature

of the 82-in. mirror are level.

4. Remove tilting error of 82-in. mirror in hori::ntal direction. This

may be checked in several ways. Remember that the ultimate goal is to

have the line joining the center of the 82-in. vc:-ex jig's target

9 and the center of the curvature parallel to and at the proper distance

from the edge of the slab. Steps 2-4 are not ind%.-endent; therefore,

46
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do not try to get each step perfect before moving to the next. Rather,

iterate until satisfactory alignment is achieved.

5. Move the secondary/tertiary stand into position. This is first done

roughly as follows: The center of the notch (see Fig. 3.2) on the inner

box beam of the upper rails (where the elliptical pick-off mirror goes)

sits 6.95 in. before paraxial focus. This is best neasured from the pin

at center of curvature. The distance we are looking for is 977.75/2 +

6.95 = 495.83 in. In other words, the center of the notch should be

495.83 in. from the pin defining the center of curvature of the 82-in.

mirror. The feet of the secondary/tertiary stand should come to the

edge of the slab.

6. Place the alignment telescope (AT) on its cones and stand as

close as is reasonable to the secondary/tertiary stand. Align the AT

coincident with the line between the 82-in. vertex jig and center of

curvature.

7. With the AT aligned, the secondary/tertiary starA can now be aligned more

precisely. The center of the circular holes in the stand marks the

nominal position of the optical axis. Because of the bistatic angle

and limited range of adjustment on the secondary/tertiary mounts, we want

the holes off center relative to the AT. The secondary/tertiary stand

should be moved closer to the edge of the slab (over if necessary) until

the holes are 0.20 in. off center relative to the A7 for the near hole and

0.27 in. off ccnter for the far hole. Tolerance on these values is

about ± 0.07 in. (See Fig. 3.3).

8. Now we begin alignment of the upper system. Instal secondary and

tertiary mirrors and mounts. Install conical vertex locating devices:

the longer ones (%2.0 in.) go on the secondary mirror mounts, the shorter

SI
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Fig. 3.1. Vertex Locating Jig.

Fig. 3.2. View of the Pickoff Flat and Notch in the Upper Rail. The

center of the notch should be 495.83 in. from the 82 in.

mirror's vertex locating pin.

It
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ones (1.3 in.) go on the tertiary mirror mounts. Use spacer rod

*(130.46 in.) to get separation correct. (See Fig. 3.4).

9. Check alignment of AT. Remember it should be centered on pin

and, when turned on the cones 1800, centered on the 82-in. vertex

target. Decenter the secondary mirror (vertical and transverse to

axis) until end of vertex locator is centered (vertical) and flush

(horizontal) with cross hairs in the AT. If the tertiary mirror loca-

tor is in the way, remove it temporarily -- this should be done for

future operations as well, if necessary. Repeat the procedure for the

tertiary mirror.

Look at the vertical adjustment screws (Fig. 3.4). There are two

for each mirror. When the mirrors are adjusted vertically, both

screws should be adjusted simultaneously so that the trunnions are level.

Look at the range of adjustment left in both the vertical and horizontal

positioning screws. If they are at their maximum travel position

then the lower system, when adjusted, may be.out of the range of the

adjustment screws. Note also that because of the effects of the bistatic

angle, the lower system will be positioned 0.4 to 0.5 in. closer to the

edge of the slab than the upper system. Thus the upper system should

be at least 0.5 in. from the stops on the edge-of-the-slab side.

10. Now for removing tilt from the secondary mirror. Use one of the

mounting plates reserved for the folding flats. Place it about 105 in.

from the secondary mirror vertex. Place the interferometer mounting block

on it and the interferometer on the block.' With someone looking through

the AT, decenter the interferometer vertically and horizontally until

the point reference source is centered on the AT. Then have someone

iI
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Fig. 3.3. Alignment Telescope, Circular Hole in the Secondary/Tertiary
Stand and the Periscope (Used Later for Aligning the Lower
System) are Seen Here in Their Proper Positions.

I

Fig. 3.4. Tertiary Mirror and Its Mount. The conical vertex locating
device is shown right of center. One of the two vertical adjust-
ment screws is located above the cone.

3-
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adjust the mirror tilt until some sort of return is seen behind the

interferometer as seen in the AT. The tilt should now be small

enough to refine with the wire test. Put the wire in the horizontal

position, insert an eyepiece behind the interferometer, and observe the

wire's shadow. If the shadow is not observable because it is at an

awkward zone, repeat steps from the beginning of Step 10, changing the

105 in. distance as required. Mark this position of the rail for easy

setup the next time it is required. Remove the vertical tilt by observing

the shadow, rotate the wire until it is vertical, and remove the horizontal

tilt. Lock all set screws and recheck.

11. To remove tilt from the tertiary mirror, remove the interferometer.

Then take another mounting plate, and place it as close to the secondary

mirror as possible. Place the single-axis translation stage (the one used for

the elliptical mirror) on it and the post with the 6-in. mirror on top

of that. Set the AT to infinity and adjust the flat until it auto-

collimates off of the AT. The mirror should be to the right of the

optical axis: only about 1/2 in. of the left side of the mirror should

be in the field of the AT.

Measure the distance from the 6-in. mirror surface to the tertiary

mirror vertex. Subtract this value from 170 in. The remainder is the

approximate distance the interferometer should be placed from the flat.

Place the interferometer in position and adjust the interferometer and

tertiary' tilt in a manner similar to the procedure for the secondary

described in Step 10.

12. The next step is to get the proper distance between primary and

secondary mirrors. This step may seem out of place, but the indirect

I
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method used to adjust the spacing requires that the secondary and tertiary

mirrors be reasonably aligned. If a 40 to 80-in. aperture collimator is

available, it must now be set up near the target area parallel to the

system optical axis and focused for infinity At the time of this writing,

this was not the case, for only a 40-in. flat was available.

The details for obtaining the correct spacing using the 40-in. will

now be discussed. Place the interferometer at the back focal distance

(BFD) behind the tertiary (%83.08 in.). Use an 83-in. spacer bar for

this. With the aid of the AT, center the interferometer point source on

the optical axis. Place the 40-in. flat somewhere in the 78-in. aperture

near the pupil of the system. Tilt it until the return image of the point

source falls back on the optical axis. Move the interferometer along the

optical axis until the image falls back on the source. Measure the BFD.

Note: Because the system is used off axis, the image will move left to

right when the interferometer is moved. Do not worry about this effect

for now. If the BFD is too short (<83.08 in.), then move the secondary

closer to the primary. Now move the tertiary to assume the 130.46 in.

secondary-tertiary spacing. Next, move the interferometer until the image

falls back on the source, measure the BFD and repeat the procedure until

the proper BFD is obtained. Of course, if the BFD is too long (>83.08

in.), move the secondary farther from the primary mirror.

13. With the proper mirror spacings achieved, it is desirable to repeat

Steps 9, 10, and 11 to insure the alignment has not clanged. Another

important dimension to check is the distance from the secondary mirror

vertex to the center of the notch on the upper rails. This is important

-C VaQ
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because the pickoff flat that goes there must be at the proper position

in the caustic as well as at the proper position over the notch ( + 1/2 in.

or so). This is, of course, an over-constraint, so care must be taken

in the setup procedure. The distance from the notch to the secondary

mirror vertex should be 56.35 ± 0.5 in. If, after going through Steps

1 through 12, we find the secondary-to-notch spacing unacceptable, the

secondary/tertiary stand must be moved an appropriate amount and the

alignment procedure must be done over again. Once more, it should be

emphasized that although the repetition of various parts of the align-

ment procedure may sound tedious, it is a "first time" only procedure.

14. The upper system is now aligned. All that remains is the alignment

of the folding optics, off-axis parabola, etc. These auxiliary pieces

should be aligned for the upper system before going on to the lower system.

15. The periscope must now be checked. To do this, a flat approximately

.17 in. in diameter is needed. Autocollimate an AT off of the flat. (Use

the AT and cones now being used for alignment of the system as they will

have to be moved in the next step.) Place the periscope between the AT

and the flat. Adjust the periscope so that it is approximately perpen-

dicular to the line of sight. Now adjust the two screws that tilt one

of the two folding flats on the periscope until the AT is once again

autocollimated. By doing this, you have insured that the periscope is

aligned (i.e., the mirrors are parallel). There is no need for the peri-

scope to be precisely aligned; later we may find it is desirable to move

it out of alignment. For now, however, we want to be nominally aligned to

avoid other possible difficulties.
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16. We now concentrate on alignment of the lower system. The first

step is to pivot the alignment telescope about the center of curvature

of the 82-in. mirror by an amount equal to the bistatic angle. For con-

venience, 1 mrad is a good value. Each small mark on the 82-in. vertex

target jig subtends an angle of 0.2 mrad from the center of curvature.

The AT should swing toward the edge of the slab (or, if you prefer, away

from the 82-in. mirror). It should point toward the pin and, when reversed

on the cones, point toward the leftmost hatch mark on the target.

17. With the AT in position, attach the periscope to the secondary/tertiary

mount. Care should be exercised in mounting the periscope; not only is

it unnecessary to clamp the periscope firmly, but doing so strains the

periscope and bends it out of alignment. Look through the AT. You should

be looking at the lower system. Have someone place his hand between the

secondary and tertiary mirrors; focus on the hand to orient yourself.

18. Some facts about the periscope: Alignment of the periscope itself

is, as previously mentioned, not critical. The basic reason for this is

that in the alignment procedure that follows, the elliptical pickoff

flat and the mirror that sits below it on the lower rails are aligned with

the aid of two points in the lower system that have been previously defincd

by the AT looking through the periscope. Thus, whatever the alignment of

the periscope may be, the two pickoff flats will duplicate the alignment.

Another point that should be mentioned is that periscopes are invar-

iant under rotation and translate for collimated light only. Thus if the

periscope is removed and then replaced, it probably will not return to the

same position, and the lower system will appear to be out of alignment,

while in fact the system may be aligned perfectly. One might then ask,
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"If the lower system is aligned perfectly but, because the periscope

position has changed it no longer appears aligned and I now realign the

lower system to make it look aligned as viewed with the new periscope

position, isn't the lower system now misaligned?" The answer is no, be-

cause included in this realignment procedure is a realignment of the

pickoff flats. So, although the secondary and tertiary mirrors are in

different locations, the pickoff mirrors are accounting for the change.

19. Back to the alignment procedure. The AT defines the optical axis

for the lower system. Note that this axis is very close to the edge of

the secondary/tertiary stand. In fact, if the periscope is either

misaligned or positioned improperly, you will find yourself looking at

one of the large support members of the stand. Since it is necessary

to see beyond the structure, this problem must be corrected. This can

be done by (a) trying to reposition the periscope or, (b) adjusting one

of the periscope mirrors slightly.

20. Lower the pin that defines the center of curvature of the 82-in.

mirror straight down about 16 in. or so until it is visible in the AT.

Center the top on the AT crosshairs.

21. Place the secondary and tertiary mirrors in their mounts, the mounts

on the rails, and the vertex finders (cones) on the mounts. The next

steps are quite similar to those used in aligning the upper system.

22. Get the spacing of the mirrors correct with the 130.46 in. spacer

bar. Decenter the secondary and tertiary mirrors until the vertex markers

are aligned. The mirrors should be shifted along the optical axis (the

direction is obvious) 16.25 in. from those of the upper system. This

can be done by dropping a plum from the vertex markers of the upper

I
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mirror and then measuring the distance from the plumb line (horizontally)

to the vertex marker of the lower mirror.

23. Now use the interferometer to remove the tilt from the secondary and

tertiary in the manner it was done for the upper system.

24. Before going to the next step, make sure that as the AT is cranked

through focus you see in order: (a) the tertiary vertex marker; (b) the

secondary vertex marker; (c) the pin near the 82-in. mirror center of
I

curvature (now lowered) all in proper alignment. When you have con-

firmed this, go on to the next step.

25. Remove the periscope. Do this by removing the two -20 screws,

not by removing the single screw that interfaces the periscope to the

secondary/tertiary stand. Mount the elliptical pickoff mirror and circu-

lar 6-in. folding mirror onto the rails. As a rough approximation, the

center of the ellipse should be centered longitudinally over the notch

in the upper rail. The same holds true for the 6-in. mirror. In the

transverse direction the center of the elliptical mirror should be 0.22

in. to the right of the AT axis as seen in the AT, but centered height-

wise. The 6-in. mirror should be positioned directly under the notch.

A note about the 6-in. mirror: Since its face is parallel to the

support rod, it can slide along the rod without having any effect on the

imaging. All that will happen is that the mirror can be centered under

the notch. To change the height of the mirror above the rails at a
I

given location, it is necessary to move the entire mirror-support struc-

ture longitudinally.

26. The flats have several degrees of freedom, thus there are several

choices of adjustments to use in the alignment of the flats. Once the

LI
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user is familiar with them, he can make up his own mind. The general idea

is as follows: The lower system sits 16.25 in. (nominally) below the

upper system. Since the optical path (OP) for the two is identical, the

lower secondary mirror must be 16.25 in. closer (longitudinally) to the

6-in. flat than the upper secondary has to be to the elliptical flat.

Care was taken to separate the periscope mirrors by 16.25 in.

The elliptical and 6-in. flats also form a periscope, even though

they are not rigidly attached. We must not only get the angular orienta-

tion of the two mirrors correct, but their spacing as well (16.25 in.).

It is not adequate to simply measure this distance. There is another

way, however. Remember that when the periscope was in position, we de-

fined two points on the lower system optical axis. The two flats must be

aligned if, when looking through the AT and off of the flats, we again

see these two points on the optical axis of the AT. Now the question is

simply what to adjust and by how much.

This is a good time to review the adjustments available and what

they do. The elliptical mirror can be displaced vertically by sliding it

on the post, translated perpendicular to the optical axis via the transla-

tion stage and moved along the optical axis by moving the entire unit along

the rail (a relatively coarse adjustment).

Rotation is accomplished by two micrometers that tilt the mirror in

the vertical and horizontal plane, by swinging the mirror about the

axis of the support post (a coarse adjustment) and by rotating about the

optical axis. This latter motion is limited by a few degrees and must be

done by hand.

I
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The only displacement available on the 6-in. flat is the coarse

adjustment along the optical axis. Remember that moving the mirror along

the post merely aids in centering the mirror under the notch; it does

not affect the height of the optical axis.

Rotations available are the coarse rotation of the 6-in. flat about

the post or the fine motion with the micrometer. The micrometer also

provides tilt in the vertical plane.

27. We first align the mirror, correctly in the vertical plane. To do

this, focus the AT on the pin near the 82-in. mirror's center of curvature.

Tilt either mirror in the vertical plane until the pin appears at the

correct height. Now focus the AT onto the secondary mirror vertex marker.

Is the marker above or below the optical axis? By how much? If the marker

is above the optical axis (remember that the optical axis is defined by

the intersection of the crosshairs in the AT), move the entire 6-in.

mirror assembly toward the pin (82-in. mirror's center of curvature) by

an amount equal to the apparent displacement of the marker from the optical

axis at the marker plane. Focus back on the pin and adjust the vertical

tilt of one of the flats until the pin is again at the correct height.

Now focus back onto the vertex marker. Is the displacement less? (It

should be!) Keep iterating the procedure until you get close. Don't

worry about high precision just yet.

28. We now align the mirrors in the horizontal plane. This is a little

more difficult than the previous step. Tilt the elliptical mirror in the

horizontal plane (with micrometer control) until the pin is centered in

the AT. Now focus on the secondary mirror vertex marker. It should be

in the correct vertical position but not necessarily in the correct

S'
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horizontal position. To correct this error, loosen the two set screws

behind the elliptical mirror, the ones that prevent rotation of the mirror

about the optical axis. Rotate the elliptical mirror. The rotation

should be counterclockwise if the marker is to the right of the cross-

hairs and vice versa. After rotating the mirror; lock it, focus the AT

on the pin and adjust the horizontal tilt as before to bring the pin back

into the crosshairs. Focus back on the vertex marker. Is it closer to

the crosshairs than before? Worse? Overshot? Keep iterating until the

alignment is good.

29. In performing the above operation, the vertical positioning may

now have to be adjusted again. Don't worry; however, this entire pro-

cess converges quickly.

30. In order to move either the elliptical or 6-in. mirror longitudi-

nally, it is necessary to loosen the mounting plates. Remember to

tighten them after each longitudinal adjustment. Check at this time

to make sure they are secure.

31. Are the flats secure? Look in the AT and focus on the secondary

vertex marker. Is it aligned? How about the pin? Yes? Good.

I
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CHAPTER 4

MECH1ANICAL DRAWINGS

The following pages are copies of Engineering Drawings E-2036

and R-0024. Please note that the drawings have been reduced in

scale.
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The order in which records are entered for a given surface is,

for the most part, arbitrary. The program expects a GRATX or

* IGRATY Record to precede a GORD Record and expects the last

record entered for any surface (other than the irage surface)

to be a GLASS, AIR, REFL, PIKUP GLASS, or [Glass Manufacturer]

Record. The image surface data is terminated by an EOS Record.

Dummy planes representing entrance and exit pupils may be

inserted after the object surface and preceding the image surface

if an ASTOP record.has been entered at any surface. If requested

to do so, the program will maintain the positions of entrance

and/or exit pupil planes so that they coincide with the gaussian

images (in the object and image space, respectively) of the ASTOP

surface.

Surface Shape Records

The records described in this section define the shape of a

surface. Every surface is assumed to have an axis of revolution

parallel to one of the three axes of the local coordinate system

associated with the surface. Surfaces are classified according

to their axis of revolution as indicated below:

(a) Axially Syj=mttric Surfaces

These surfaces have the Z axis as their axis of revolution

and are described by the equation:

2 cp?/[l + ./1 - (K + )c p2A + do' + ep G + fps + gplO

where p' = x2 +

'11II ?; S'ttI','6I NT I, %%Jill -: l : l l ' l l r , IN i ' i,:1I ' ,
At;II; it N l "11 1,111 ~ ll'; l ' 1 JiIll': 111.l 1 1',11i IN %%Illll ; tii l ' IN ll P il ii ll'l'll
I'lI iiVI I' I %I I. llh tl I' 1iiii: V:%IVIC!:N I t; N I 1 I I~' SCIEN 11I.1 A I M IN '
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If d, e, f, and g are all zero, thc s.urface is a conic

section of revolution and is defined by the equation:

Z = Ctp 2 + (,: + l)Z-'/2

"C 1 ' is the vertcx curvature and "'is cal led thc conic

constant. The table below indicates the kind of surface

which results from various values of :

or value of oc Surface Shape

K < - 1Hyperboloid
K = - I Paraboloid

- < KC < 0 Ellipsoid of revolution

about major axis

K =0 Sphere

K > 0 Ellipsoid of revolution
about minor axis

The figures below show geometric parameters a, b, and P.

* The way in which c (the vertex curvature) and K (the conic

of ~constant) relate to these parameters is shown by th,

equations given with the figures.

0 a

2 7

=-I+ t an%) (

c 1/1(,- + I~]c I/KI. + I)LM
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Tilt and Decenterinq Records

The records described in this section permit the location and

orientation of a surface to be specified relative to the

reference coordinate system established by the preceding surface.

Prior to the specification of decentrations and tilt angles it is

assumed that the local coordinate system of the surface has its

Z axis coincident with that of the reference coordinate system,

its X and Y axes respectively parallel to the X and Y axes of the

reference system, and its origin at a distance t from the origin

of the reference system. The distance t is specified by a

"Surface Separation Record" associated with the preceding surface.

The local coordinate system of the current surface becomes the

reference coordinate system for the next surface after tilting

and/or decentering has been performed.

Tilt and decentering records are not admissable for the object

surface, since the local coordinate system of the object surface

is the initial reference coordinate system.

"DEC",YdX

In the absence of TILT or RTILT Records, the origin of the local

coordinate system of this surface is shifted to (X, Y, Z) =

(Xd' Yd' t) in tlie previous refercnce coordinate system -

i.e., this surface is decentered from the Z axis by xd in the

X direction and yd in the Y direction.

* If a TILT Record is entered, the Euler angle coordinate rotations

are made after decentering has, been performed in the manner

indicated above.

/lll~lil|"i ,lll IIII II l1l,1l'l1 I !M .l 11-11 M UIIN I IN %%I,'llfalll ' I N I ; I'\ Ii M41 IR l li oS
: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . 1'lI'' l Ir1 1iIi Ii ' iii .;, I% I l' SU'l. l ll4 1 1 I I ..L I I,,% .' INC"
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If an RTILT Record is entered, a reversed sequence of Euler angle

rotations are made first. Then decentrations -xd and -yd are

applied in the new coordinate system generated by the rotations.

I "I LT", 0 ; Y

The local coordinate system of the current surface is tilted by

successive Euler angle rotations a, 6, and y. If the surface

is decentered, decentering is performed first. a, 8, and y are

expressed in degrees.

"RT I LT",

The local coordinate system of the current surface is tilted by

successive Euler angle rotations -y, -B and -a. If the surface

is decentered, decentering is performed after tilting, and the

signs of xd and yd are reversed. a, B, and y are expressed in

degrees.

An RTILT Record might typically be used to return to the

original coordinate system following the tilting of an element or

group of surfaces.

. ' , . IIII (it11 1 I tN'll' C i l . 111111-1lIN MV4 UCIIEINT

,I I , N 1i11.1: N I I IAI r. NI I I I d 1 ,18,1N
I, Ii I 1..,l. NI ii I':N'I1 : CI'AIA I.A "IIIN. IN "
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All-Positive Euler Angle Rotations

For TILT: (1) rotate about X axis through angle a

(2) rotate about new Y axis through angle a

(3) rotate about new Z axis through angle y

For RTILT: (1) rotate about Z axis through angle -y

(2) rotate about new Y axis through angle -6

(3) rotate about new X axis through angle -a
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tY

x
z

Reference System 11

- I

x~x

TILT (a only) with Decentering
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z-

V x

Local

RTILT (ai only) with Decentering
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Coordinates

x

Reference Z
Coordinates ..-

II

Yd |

'- 1 I d

DECEN Only_
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I

The order in which records are entered for a given surface is,

for the most part, arbitrary. The program expects a GRATX or

GRATY Record to precede a GORD Record and expects the last

record entered for any surface (other than the image surface)

to be a GLASS, AIR, REFL, PIKUP GLASS, or [Glass Manufacturer]

Record. The image surface data is terminated by an EOS Record.

Dummy planes representing entrance and exit pupils may be

inserted after the object surface and preceding the image surface

if an ASTOP record has been entered at any surface. If requested

*to do so, the program will maintain the positions of entrance

and/or exit pupil planes so that they coincide with the gaussian

images (in the object and image space, respectively) of the ASTOP

surface.

Surface Shape Records

The records described in this section define the shape of a

* surface. Every surface is assumed to have an axis of revolution

parallel to one of the three axes of the local coordinate system

associated with the surface. Surfaces are classified according

to their axis of revolution as indicated below:

(a) Axially Symmetric Surfaces

These surfaces have the Z axis as their axis of revolution

and arc described by the equation:

Z = cp2/[l + I/I - + 1)c2p2 ] + dp" + epG + fps + gp1 O

where p2 = x? +

A C :1 1'"; N$l V i 1441 l~ l~' idT iiii.;- I 141II N VI IN % II : 4Wi 114 V I t I1'. -4-111 '1 N .1 it
TIeI II II It I t* I 1 I .\I9U'III: I:; i I l l co % : I. i.l*!a Ir l I .I .I ITII N.I ;. INI'
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I

If d, e, r, and g are all zero, the surface is a conic

section of revolution and is defined by the equation:

z = cip2 + (K + l)z:I/2

"c" is the vertex curvature and "." is called the conic

constant. The table below indicates the kind of surface

which results from various values of r:

Ranqe_ or value of K Surface Shape

K < - 1 Hlyperboloid

K - Paraboloid

- < < 0 Ellipsoid of revolution

about major axis

= 0 Sphere

K > 0 Ellipsoid of revolution

about minor axis

The figures below show geometric parameters a, b, and *

The %.&i in, which c (the vertex curvature) and Y (the conic

constant) relate to these pararweters is shown by the

equations given with the figures.

P

a

b i - . --.-.h---I

-(1 + tan ) (a' - b')/b'

C l/ (, + l)bl c I(, + l)h]

I IlllI II II I I.1 lh I I l I I II , I I % 1 ,II %I II I 1 % I IW .I 1I fI,N , I!1'
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Tilt and Decenterinq Records

The records described in this section permit the location and

orientation of a surface to be specified relative to the

reference coordinate system established by the preceding surface.

Prior to the specification of decentrations and tilt angles it is

assumed that the local coordinate system of the surface has its

Z axis coincident with that of the reference coordinate system,

its X and Y axes respectively parallel to the X and Y axes of the

reference system, and its origin at a distance t from the origin

of the reference system. The distance t is specified by a

"Surface Separation Record" associated with the preceding surface.

The local coordinate system of the current surface becomes the

reference coordinate system for the next surface after tilting

and/or decentering has been performed.

Tilt and decentering records are not admissable for the object

surface, since the local coordinate system of the object surface

is the initial reference coordinate system.

'DEC",

In the absence of TILT or RTILT Records, the origin of the local

coordinate system of this surfacc is shifted to (X, Y, Z)

(Xdt Yd' t) in the previous reference coordinate system -

i.e., this surface is decentered from the Z axis by xd in the

X direction and Yd in the Y direction.

I* If a TILT Record is entered, the Euler angle coordinate rotations

are made after dvcenterin 9 has been performed in the manner
indica~ted above.

I"II1111. "UNl''q l' T I"; 111 l'l"II- %1VY %%liltl ;(,It NIII'II" CAIC'II.%I1 iI:?. : INV" 1ICI|'IWNTI

l AlIlOl 1. Noll 1.1 No 111011-11' V 11"1lll , %I ll %l"I' IN %II I:X qlilt IN' V'AI4'. NIMll Its Itk.II1S*.
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If an RTILT Record is entered, a reversed sequence of Euler angle

rotations are made first. Then decentrations -xd and "Yd are

applied in the new coordinate system generated by the rotations.

'TILT", a B y

The local coordinate system of the current surface is tilted by

successive Euler angle rotations a, B, and y. If the surface

is decentered, decentering is performed first. a, B, and y are

expressed in-degrees.

"RTILT", a BY.

The local coordinate system of the current surface is tilted by

successive Euler angle rotations -y, -0 and -a. If the surface

is decentered, decentering is performed after tilting, and the

signs of xd and yd are reversed. a, B, and y are expressed in

degrees.

An RTILT Record might typically be used to return to the

original coordinate system following the tilting of an element or

group of surfaces.

. l~lll~: . ,I I III .1' I' 1. 1" IIII; l, : %1 1 I"' I% %% I L.I fOR l I ' AI 1. N(111 '14 ~ ll, .
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IP

~y"

I \/

U,-,

z8

//
2 x y

, / 0 

- , -0 
I-

All-Positive Euler Anle Rotations

For TILT: (1) rotate about X axis through angle a

(2) rotate about new Y axis through angle B

(3) rotate about new Z axis through angle y

For RTILT: (1) rotate about Z axis through angle -y

(2) rotate about new Y axis through angle -B

(3) rotate about new X axis through angle -a
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1Y

x
z

Reference System 0-

y I

x 1

TILT (ci only) with Decentering
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z-

Y -1

-xLoca

RTILT (a only) with Decenterin2
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Coordinates
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Coordinates
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DECEN Only
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80



81

W oar Uf 0 -4 f: N - '&% O 0 ^0 (.- -c
6n0 - . c 1- 0 N r C .- N ci 0 r n W " a ~ . ; 1D 1C n O00. .% r ON . or t t o 0 0

9% 0'0 D< O '- Q 0 M O a > QO 1. 0 0

I.,W %n UUn% - f % r kV sW l r6 w %% U n %

Wi0 !4 "0W W
IV-i -4x - -.. 1 r

C"00 '.u .* m 4 #A0I1 ~r CVU ,I r

5

C, 0 D W. 0 0 0 MO CIO CIO .. ? 31C. MO' ('-N O Ci cl 3.-c 00 00 -- >

('5 w 0 3 U 0 01^ 00 %N C0C) '(' O 00 C.0 oo oCn 00 00 00 m
Il' 4)0 00 rni sr 1010 .14 .1 ti9) n ON .7.0 .110 . .1% VN90 Ir r00 0

01 .t* CP CIA M 0 crv a cr 0 300 MOO- .I0. -) 0 00 MOO (710 a-3 a 0 CIO

o. -t -7 I MID- (311- CP.D 010 r n- w%0 &- 0r 0. )0 m.- 0.0 W1(1.4 .

0 N .4n .4- w- r-00.10 40. 40(31 101. IT. (n7 0.10 Mm10 0nr A 4' .-4

oW 0o 0 00 00 0.0 0v.0 00;-r L 001 n' (0 .00c) U0. 4N0 N. 00 0n
0. U'i 40 100 1010 .13 0 0 .L 7r . 1)0 .7> .7 l0 '.0 071' 410 .Ji 0 iii

NJN.n0 0"j 7

0r C 0.0i ().'4 70 0 M .0 C-71- (.on C 00 0 0C Ci .11) 0 0Cl.3c a00 47
O~ ItUN P9 N'C t' 1% I %4 rX r' t'.l.' WN. OUN Oo in0 N% (-U' In.- 1.%1 'tf3 0 . 0.0 .f.1 VW.47N

V' -0 U'.iM 4-1 Z11 4.1 .71 :1 0 N - C11 -. 0 410 10 ^Of 0 .74 -t1, 0 %7'

0. . .t.- .00 Z'00C (0 .7o 0 .10 C0.- I W9 a .7 00 a,:,0 C_)U 0. 1 0 i

L) - - ' % ja j. 0.10 40 g%,rn j-W .o,% 40.0 .t.- r .- i'0 04 3 Nu% .9 1..i 1 1 j0 U, '
o t0 00 00 00 00 .0 00 .0 00 .0 .000 00 00 0

gm Z I 41 70 .1' .4 10 .11 tti Ji. 100 400 .0i1 10 .1 10 .

nrll p,,

C' f-cm -,- v- ,,,4t v- 3' '. VMI.

0IJrnt% --- 4-f.4r rdra

* C'- . .7.1 9. 10 0N 0 .774 .07 00.. *'43 010 010 .1 I. 3.0



U-0 N In

.4-~0 0

0 N UN~ V%

N .. o OD

nl 11%0 l i

at- ..4N .

o c 0. 4 0

*1 V0 '5% .5

o 1 co.U 0

N d It1 U% 1^

o n cca

.0 ~ t 0t .



83

4,,

0 )c .

30-
).- )( c ."

W .4 3-C

o )
1*9 297 , T ..

I,. !" a

-" 3. 3 =- r,.

3 . .J ..1 Ca

1 ./ ,J ., .Jtvt

p-4l .- "I- 5

l in
II

CA CA5.

Ci - or 5- -
cc 5

or 5-
c- c- 5- 0

a- 0- a-
a 0

0. gx 9

&b ce- e L C

9L~ 00 U

a.a

C2 0 a.
E. 0r x

V- 7

I' 12 #A

.as 4. 0 .j

v~ U.



84

.00

4L

.0U

0

NM
00

ene

0C40

ae

.P -ILC i

Lil u 0 0 C.1 i u rl

Len W0-t J V J. - -J1

w "0 4 1-' ,.

.0 or 90- -

U$,: U, .

ILL -S

IL j jL . . C- ~ '

.4 0 USINv
"t-Pf" v U .

>0- - C

L-1. -i I

n0 n.34.1 0. 9-
w -11. 0 v ty -3

. 1. - ~ j V - I- N- I

7 .. % I 4 U. 1/. 0 /5 6- W
-.. I~ r-: k 9 - 9- A 0f

0es Li Li 0"i4., (. J~
0 'L. 6n 5-0 '-4 t-n-144



85

4O 000 CL. c
zz x 0 02 1.-.

O4 z w 2

06 z x a. 0V

* > eg0 x: ViJ- CU
z Z w J.Jj .J $-.

gyGt 06 Z: j .J...J aj -ii c

0%. z 243MM 0i -
777 XXXJJXJX 0.i- -

4n IL 7 x

9 z zZZZZ 777

zzz 2z 5: Z
00. Z ZZ 2 7-7M

7zzz 2:

2 CL 0. ZZ 7
70 V. z2 0 000 CL 0. r.
zL z MX 7

0. oe0 0. 9 2 7
z OF c 0 0. 2

2t Z) 0. 0 6:#A f 0 IL z i
a X2r 7 A. #A I- cc

0 ;.r 7 a, 0 .- 9L 0 00 7 Ir r :L Z
Gn .7 4 M 0. 7I Zr 1 I£ 20.

z.- - D :7 t^ 0. In T- v~ 71 1.-
M- 07 0.: z x. l,331- 0. 7 . z

IL : 0 2 2.2 V-3 *.a
X 7- z -8 0 3E 31;, X

2. :r 0. 0 t n 0 1: 
ZJ-t8 : S Z 0 06 6n VXa-

x r 21 S- 71 7'y
ir 5: z 0.0 dee -I 3 7.
5: x 7 9L 0 .- 0e- :f X)2 7LXd

X k 0. C' Z7 77 0
ip. N, ) ly 4L 07 2.r 0.

0(- 8-0 7 3r a. 0 0
7 of 0 X 3L 0,7CA

70~ CL rc a 0 7
70 a 0.0.21 7 7" 0

r1 7 C7 2 P 0. 0. 70.
g1 7 7 2 k a. 0. 77 z

x 4L CL 0. z v

77z 2: 77 zz za
ty3 5:7 27 27. z-0 1

e'- a.77 X27277777
z z 7 it 77 7 0. v92, r r 3 7 ze

.. X X

#A 2 V., 7 a Owv >
di.' ~~~r 2 5: 0

-d Ce' ft 0?
L * 1. 7 Oct

CD V S.1 .

cma0ft 7. C

8-. 0. 7 0

fl, 0

ii0 0.ftftfl0n 06*.



S

86

'U
SI
a
U'

.4

4

4
4

*
4

4
* 4 *

4
*

4
6~ 4

* *
.4 4

6 **
4 *

4
4

.4 
4

* 4
4

.0 
4

1. 4

S 6 *

5 
4

4* 4
0 6 44

4

* 6 4* 4
*

4
4

4
* 6 4

*
* I

4
4

6. 4

4
* 4

* 6. 4*
4

I *4 * .0
4

*
4

* 0

b.C.- 4
C..,. 44

4
4

4
4

4 4

4 . S

2.. ~ 44 . 6' Cd

C- S C

0~

5 6

PC.0.44*'-'V

* I .

* SAD

.41~S0

(2 U. ~~S0
C, C~-4

.5. I I. *0
T

~b*C**(~ 0 0 0 * 0 0 OW
.... v.~) 0 4) C) 0 0 * 0 C..

U A .0 4. * .4 0£
.Me . * * S

*Y~ 49 . . I * at,

5~62 r~'4. Z~j * .~i

S


